The HbA1c has been determined by HPLC and immunoassay. These methods, however, involve some complicated and timeconsuming procedures.
Furthermore, HPLC methods [7] [8] [9] occasionally show significantly larger HbA1c values due to overlapping of an elution of hemoglobin variant and modified hemoglobin. The immunoassay method 10 is specific for the HbA1c assay by using an antibody which recognizes the Nterminal structure of β-chain of hemoglobin, but it is not good in the reproducibility of the data.
Recently IFCC has established the accurate assay method of HbA1c according to the definition of HbA1c, 3, 11, 12 but this method requires expensive devices and is too time-consuming to be suited to routine clinical assays.
Therefore there is a great interest in developing a rapid and selective method for the HbA1c assay. The enzyme method is usually advantageous for such an analytical purpose. However, oxidase which directly acts on intact HbA1c has not been found. Therefore, the enzymatic method for the HbA1c assay is supposed to consist of three steps; (1) proteolysis of HbA1c β-subunits to release fructosyl amino acid and fructosyl peptide, (2) the oxidative deglycation of the produced fructosyl amino acid and fructosyl peptide, and (3) the detection of the enzymatically produced hydrogen peroxide.
A fructosyl-amino acid oxidase (FAO) catalyzes the oxidative deglycation of fructosyl amino acids to produce the corresponding amino acids, glucosone and hydrogen peroxide, 13 which has been isolated from Corynebacterium sp., Arthrobacter sp., Aspergillus sp., Penicillium sp., Fusarium sp., Pichia sp., and so on. [14] [15] [16] [17] [18] It has also been reported [19] [20] [21] that a fructosyl-peptide oxidase (FPO) is active for the oxidative deglycation of fructosyl amino acids and fructosyl peptides.
The enzymatic assay of HbA1c was reported by Sakurabayashi et al. 22 and Hirokawa et al., 23 using enzyme solutions of FAO or FPO. Ogawa et al. 24 also reported a flow-type fructosyl valine sensor constructed by immobilizing FAO onto a platinum electrode. However, the sensor sensitivity was insufficient for the detection of fructosyl valine released from glycohemoglobin in blood by the protease and the operational stability of the sensor was not good.
In general, most of immobilized enzyme reactors possess high sensitivity combined with increased stability, because of relatively large amounts of enzyme immobilized on the surface of an inert matrix. In this note, three different enzymes (FAO and two FPOs) were covalently immobilized onto Uniport C, which has been generally used as a support for gas chromatography, and they were used as the enzyme reactor in a FIA system with electrochemical detector. Experiments were conducted to characterize the functions of them for the detection of fructosyl amino acid and fructosyl peptide. The hydrogen peroxide produced by the action that took place in each enzyme reactor was amperometrically detected at a downstream detector. We describe some interesting differences of three enzyme reactors regarding selectivity and stability. The proposed FIA system was applied to the assay of fructosyl amino acids and fructosyl peptides released from glycohemoglobin with the different HbA1c values by the combination of protease reaction.
Experimental

Materials
Fructosyl-amino acid oxidase (FAOX-TE, EC 1. (Tokyo, Japan), and acetyl cellulose was from Daicel Chemical Industries (Tokyo, Japan). These chemicals were used asreceived. α,ε-D-Fructosyl-L-lysine (α,ε-FL) was synthesized by the method of Hashiba. 25 The HbA1c blood cell samples, Japanese standard reference material JDS Lot 2, were obtained from Health Care Technology Foundation. Protease solution (1800 U ml -1 ) was the preparation of Oji Scientific Instruments Co., Ltd. (Amagasaki, Japan). All other chemicals were of analytical reagent grade. Distilled water purified with the use of Millipore Milli-Q system (Nippon Millipore, Tokyo) was used throughout. Uniport C used for enzyme immobilization (particle size: 30 -60 mesh) was obtained from GL Sciences Inc. (Tokyo, Japan) and PTFE adhesive tape was from Chukoh Chemical Industries (Tokyo, Japan).
Preparation of immobilized enzyme columns
The Uniport C (10 g) was added into 38 ml of 21% (v/v) ethanol solution followed by addition of 2 ml of 3-aminopropyltriethoxysilane. The combination was degassed for 15 min, and then incubated for 45 min at room temperature to introduce amino groups onto the surfaces of particles. Aminoalkyl-bonded Uniport C was washed with distilled water and then degassed for 15 min in 38 ml of 21% (v/v) ethanol. The support was collected on a piece of 5A filter paper and dried up at 120˚C for 2 h. A 150-mg volume of aminoalkylbonded Uniport C was activated by adding 1 ml aliquot of 5% glutaraldehyde solution and incubated for 60 min at room temperature. The preparation was washed with distilled water and then phosphate buffer (0.1 M, pH 7.0). The FAOX-TE (13 U) was loaded into the glutaraldehyde-activated Uniport C, by incubating in enzyme-sodium phosphate buffer (0.1 M, pH 7.0) solution overnight at 4˚C. The immobilized enzyme support was packed into a 30 mm long column (3 mm i.d., Oji Scientific Instruments Co., Ltd.). Similarly, each of FPOX-CE (35 U) and FPOX-CET (23 U) was also loaded onto aminoalkyl-bonded Uniport C. They likewise were packed in a 30 mm long column.
Preparation of hydrogen peroxide electrode
In the electrochemical flow-cell (Oji Scientific Instruments Co., Ltd.) shown in Fig. 1 , the glass substrate (e) with sputtered silver alloy (e1) and platinum (e2 and e3) was covered with acetyl cellulose membrane. It acted as a sensing part of the hydrogen peroxide in the flow-cell. The surface of the glass substrate was initially washed with ethanol, and then a PTFE adhesive tape (d) with a square hole (10 mm × 8 mm) was set up as shown in Fig. 1 . Then, a 17.5-μl portion of 1,4-dioxane solution containing 1% (w/v) acetyl cellulose and 0.01% (w/v) vinyl acetate was spread over the square hole of the PTFE adhesive tape. The membrane was allowed to form for half a day at room temperature. The flow-cell assembly consisted of an electrical connector (a), an upper cell part (b), a rubber ring (c), a glass substrate covered with acetyl cellulose membrane (e) and a base cell part (f). The effective electrode area was ca. 6.35 mm 2 and the volume of cell chamber was ca. 5 μl.
Apparatus and procedures
An Oji Scientific Instruments BF-5 apparatus was used for the FIA measurements. It was composed of a valveless pump (Fluid Metering Inc. STH-0CKC-LF), an automatic sampler (Oji Scientific Instruments BF-30AS) with a 5 μl sample loop, an amperometric detector with flow-cell, and a thermostated oven to hold the temperature of the flow line constant (30 or 37 ±0.1˚C). Constant potential (0.6 V versus silver alloy electrode) was applied to the working electrode and the currents were recorded with a built-in A/D converter. The sodium phosphate buffer (0.1 M, pH 7.0) containing 50 mM KCl and 1 mM sodium azide as a carrier solution, was pumped at a constant flow rate of 1.0 ml min -1 . Each of the enzyme reactors was inserted before the flow cell and the sample solution was injected automatically into the flow line at a constant time interval.
Proteolysis of blood cell
The HbA1c blood cell samples, Japanese standard reference material JDS Lot 2, were used to evaluate the utility of the proposed FIA method. To hemolyze blood cell samples, we 
Results and Discussion
Electrochemical characteristics of flow cell
The sputtered silver alloy electrode in the flow cell showed approximately the same potential as a commercially available Ag/AgCl electrode, and kept a constant potential in a carrier buffer containing 50 mM KCl. This indicates that the sputtered silver alloy electrode is useful as a reference electrode.
At an applied potential of 0.6 V versus silver alloy electrode, the sputtered platinum working electrode (Fig. 1 e2) without an acetyl cellulose membrane gave fairy large responses to the electroactive interferents. The responses were 547 for Lcysteine, 8.8 for L-methionine, 16 for glutathione reduced form, 52 for bilirubin, and 146 for L-ascorbic acid, when they were normalized to 100 for hydrogen peroxide at the same concentration. As a result, by the combination of acetyl cellulose membrane, the currents for such electroactive interferents were decreased to negligibly small values except bilirubin, though the response current for hydrogen peroxide was decreased to ca. 35% of its previous value.
Characteristics of immobilized enzyme reactors
To examine the optimum pH for the use of three enzyme reactors selected in this work, we tested 0.1 M sodium phosphate buffer at various pH values as the carrier solution. The FV and FVH that are considered to release from glycohemoglobin by the protease reaction were selected as a substrate and injected into the proposed FIA system. As shown in Fig. 2 , the FAOX-TE reactor had a high activity for FV at pH 8.0 -8.5, but was inactive for FVH. This selectivity for FV differs from that obtained by FAO from the marine yeast Picha sp. N1-1 strain, reported by Ogawa et al. 24 The FPOX-CE and FPOX-CET reactors showed the maximum activities for both FV and FVH at pH values around neutrality. Therefore, the FAOX-TE reactor was operated at pH 8.0, while the FPOX-CE and FPOX-CET reactors were operated at pH 7.0 throughout this work.
A selectivity study for various fructosyl amino acids, L-amino acids and sugars was conducted for the use of three enzyme reactors (Table 1) . Glycohemoglobin is formed in blood by the condensation of excess glucose with the N-terminal valines of one or both of β-chains. It has been confirmed that the glycation of hemoglobin also occurs at α-amino groups of the N-terminal valines of the α-chains and at ε-amino groups of the globin lysine residues. 3, 5, 26 It is anticipated that FV from α-chains, ε-FL and various L-amino acids are released from glycohemoglobin by the protease reaction and, in addition, that glucose in blood is about 100-fold concentrations of FV and FVH levels released from glycohemoglobin. Therefore, the selectivity study is very important.
The FAOX-TE reactor has high activities for FV and FG and a low activity for α,ε-FL, and is inactive for FVH. In contrast, the FPOX-CE and FPOX-CET reactors have high activities for 1141 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 The enzyme reactors were used repeatedly to confirm the stability with time under the flow system thermostated at 30 or 37˚C. The FAOX-TE reactor gave over 90% of its original signal for FV even after repetitive use for 37 days, under the flow system kept constant at 37˚C (Fig. 3A) . In the use of the FPOX-CE reactor, the response to FV was decreased sharply to about 38% of the original value after use for 12 h at 37˚C, while in the use at 30˚C it slowly declined to 55% of the original value after 22 days (Fig. 3B) . In contrast, the FPOX-CET reactor gave over 60% of their original signals for FV and FVH even after repetitive uses for 30 days at 30˚C (Fig. 3C ) and for 11 days at 37˚C. Though the characteristics of the FPOX-CET reactor were similar to those of FPOX-CE in the optimum pH and the substrate specificity, the FPOX-CET reactor had a higher thermostability than the FPOX-CE reactor. All of three immobilized enzyme reactors were more stable than the FAO immobilized sensor reported by Ogawa et al. 24 When three enzyme reactors were stored at 4˚C in optimum buffer, they retained most of their activities for 90 days. Thus the storage stability was good for three enzyme reactors.
Analytical characteristics of FIA system
The FIA systems with the FAOX-TE reactor and FPOX-CET reactor responded linearly to the concentration of FV, over the dynamic range of 1.2 × 10 -5 to 1.2 × 10 -3 M and 7.8 × 10 -6 to 5.8 × 10 -4 M, respectively. The lowest concentrations which could be detected were 6.7 μM for the former system and 4.0 μM for the latter system, respectively, when the signal to noise ratio was 3. The proposed FIA systems with enzyme reactors were highly sensitive compared to the insufficient detection limit (0.2 mM) of the FV sensor reported by Ogawa et al. 24 The reproducibility of the measurements for the FIA system with the FPOX-CET reactor was 2.5% (n = 16) for 11.6 μM FV and 0.62% (n = 16) for 58.6 μM FV, respectively. It is known that the physiological HbA1c level in blood is 4 to 15% of total hemoglobin (80 -200 g l -1 ). 27 Therefore, the concentrations of FV and FVH in blood are in the range of 50 to 500 μM. As the blood cell sample is diluted several times to hemolyze (see Experimental section), the analytical FIA system needs enough sensitivity to detect FV of 10 to 100 μM. Consequently, the FIA system with the FPOX-CET reactor can be applied to the detection of protease-digested HbA1c samples.
The detection of protease-digested blood cell samples
Protease-digested blood cell samples were analyzed by the FIA system with the FPOX-CET reactor. Blood cell samples JDS Lot 2, which are standard reference materials certified by the Japan Diabetic Society, are used in this work. They have 5 levels of certified HbA1c value: level 1, 4.04%; level 2, 5.38%; level 3, 7.32%; level 4, 9.88%; level 5, 12.63%. Each of samples was digested by protease solution as described in the Experimental section. The resulting solutions were injected into the FIA system with the FPOX-CET reactor. As the optimum carrier solution, 0.1 M phosphate buffer (pH 7.0) containing 50 mM KCl and 1 mM sodium azide, thermostated at 30˚C, was pumped at a constant flow rate of 1.0 ml min -1 . In this FIA system, up to 40 samples h -1 could be analyzed. A linear relationship was obtained between signal currents on the y-axis and HbA1c values on the x-axis; the slope, the y intercept, and the linear correlation coefficient were 0.095 nA % -1 , -0.131 nA, and 0.998, respectively. The coefficient of the variation of the signal currents for three replicate measurements was 6.7% for level 1, 2.0% for level 2, 5.1% for level 3, 1.7% for level 4, and 1.7% for level 5 samples, respectively. The presence of FG, α,ε-FL, L-cysteine, L-tryptophan and L-ascorbic acid (see Table  1 ) may interfere with the measurement of FV and FVH, but it is known that FG is contained only in hemoglobin F 28 and α,ε-FL comprises only a partition of total fructosyl amino acids, 5, 26 Lcysteine and L-tryptophan are probably not produced by the protease reaction, and it is certified that L-ascorbic acid is not contained in blood cell samples JDS Lot 2 used in this work. These results indicate that the proposed FIA system can be applied to the measurement of the protease-digested HbA1c.
In conclusion, an attempt to apply the proposed FIA principle to the enzymatic detection of fructosyl amino acids and fructosyl peptides released from glycohemoglobin afforded the sensitive and selective determination of the HbA1c. In particular, the FPOX-CET reactor recommended in this FIA system possessed high sensitivity and selectivity for FV and FVH and excellent operational stability under the optimum conditions, although it 1142 ANALYTICAL SCIENCES AUGUST 2006, VOL. 22 could not distinguish between FV and FVH. In this work, a good linear-relationship was obtained between signal currents and certified HbA1c values, but a detailed study on the products of protease-digested HbA1c sample is considered to be significant for the precise determination of glycohemoglobin. Further details of this will be also reported subsequently, together with analytical results of blood samples of diabetics.
